In this paper we describe two silicon based optical modulators that have been fabricated as part of two projects in which the Surrey group is involved, the "UK Silicon Photonics project" funded by the UK Engineering and Physical Sciences Research Council (EPSRC), and the European "HELIOS" project funded by the European Union. The modulators exploit the carrier depletion effect in MZI structures, but have different advantages and disadvantages. One has a performance that is close to polarisation independence, whilst the other demonstrates a very high extinction ratio for a 40Gb/s silicon modulator. Both are shown to operate at 40Gb/s.
Introduction
Silicon optical modulators are key to many applications in the field of silicon photonics. The progress in this field in recent years has been very significant. Several routes to modulation have been used to overcome the lack of a strong linear electro optic effect in silicon. These include the plasma dispersion effect, III-V hybrid device fabrication, SiGe devices, and Strain induced electro-optic effects. The performance of silicon modulators is now regularly reported in the range from 10Gbit/s up to 40Gbit/s. HELIOS, which is a European FP7 funded project and the UK silicon photonics project (UKSP), funded by the UK Engineering and Physical Sciences Research Council (EPSRC) both involve the development of optical transceivers. Within both projects there is strong modulator activity with carrier depletion based modulation, and preliminary experimental results are reported here.
Plasma Dispersion based modulation
Silicon optical modulators based upon free carrier depletion are widely regarded as being the most advanced approach to achieve high performance modulation in silicon. These devices operate by reverse biasing a diode structure which is integrated into or around an optical waveguide. The depletion of free carriers therefore interacts with the propagating light causing a change in phase via the plasma dispersion effect. As part of the UKSP programme, one such carrier depletion phase modulator is under development. It is also based upon a 'wrap around' PN diode in a waveguide of dimensions 400nm height, 420nm width and 100nm slab height. A cross-sectional diagram of the phase shifter can be seen in figure 1 .
A key feature of this device is the self-aligned process used to position the pn junction within the waveguide as shown in figure 2.
Figure 2 -Self aligned process
Firstly a deep boron and shallow phosphorus implantation is used to create a pn stack in the active region of the device. A silicon dioxide layer is then deposited and etched in the pattern of the optical waveguides. This layer is used as a mask through which to etch rib waveguides in the silicon overlayer. It is then used in conjunction with photoresist layers to mask a series of phosphorus implants. Since either the SiO 2 layer or photoresist layer are sufficient to prevent the phosphorus ions from penetrating the silicon layer the edge of the resist mask can be aligned in any position on top of the waveguide and the position of the junction will routinely be produced in the same position. Angled implants are used to dope the waveguides edges.
The phase shifters are incorporated into asymmetric Mach Zehnder Interferometers (MZI). The spectral response of an MZI with a 1350um phase shifter for both polarisations at two different bias voltages is shown in figure 3 and figure 4 along with the extinction ratio. The high speed performance of the device has been analysed by applying a high speed electrical signal to the device and observing the optical output. The electrical signal is produced by a PRBS generator and then passed through an amplifier to provide a 6.5V peak to peak drive. Finally a DC bias is added using a bias tee to ensure the modulator operates only in the reverse bias regime. An advantage of this device is its polarisation independent operation. Figures 5 and 6 show the 10Gbit/s optical eye diagrams achieved for a 1350um long device for both TE and TM polarisation. In both cases at ~1557nm an extinction ratio of 7.3dB is achieved. The device has also been tested at 40Gbit/s with polarisation independent performance observed. The optical eye diagram is shown in figure 7 . An extinction ratio of approximately 6.5dB has been observed [3] .
Figure 7 -Eye diagram at 40Gb/s 1350μm long λ= ~1557 nm, TE, extinction ratio 6.5dB
Within the HELIOS project the authors have been responsible for the development of a second silicon modulator, which is shown schematically in cross section in figure 8. The modulator structure is based on silicon-on-insulator (SOI) of 220nm in thickness. The waveguide section and the slab to one side is doped p type. The slab on the other side of the waveguide is then doped n type setting up a pn junction at the edge of the waveguide rib. The concentration of the n type doping is made larger than the p type doping such that the depletion region extends mainly into the waveguide during reverse bias. These lightly doped p and n type regions extend out to meet highly doped regions which in turn provide ohmic contacts to coplanar waveguide electrodes which are used to drive the device.
Figure 8 -Modulator fabricated in a 220nm SOI silicon overlayer (HELIOS project)
One key feature of this device is the simplicity of the fabrication process used to produce it. In particular, again a self-aligned process is used to form the pn junction at the edge of the waveguide. This eliminates performance variations due to misalignment at this step and consequently device yield is mass scale fabrication would be improved. A diagram of the self aligned process is shown in figure 9 . Firstly the active region is implanted with boron to provide background p-type doping. An SiO 2 layer is then deposited and patterned with the waveguide design. This layer is used first as mask to etch rib waveguides in the silicon overlayer. It is then used in combination with a photoresist mask to define the regions which is implanted with phosphorus.
Figure 9 -Self aligned Process
The phase shifter is incorporated into a MZI to convert between phase and intensity modulation. Assymetric MZI are employed since they provide a means to acurately analyse the DC performance of the phase shifter. A spectral shift in the MZI response with applied reverse bias can be used to calcluate the phase shift using the following expression (1) .
Where FSR is the free spectral range of the asymmetric MZI spectral response and Δλ is the shift in the response with applied DC bias. Figure 10 shows the spectral response of a MZI with a 3.5mm long phase shifter with different reverse bias voltages. From this data a phase efficiency of 2.7V.cm is calculated at 3V. Previously 10Gbit/s modulation was demonstrated [1] . More recently, 40Gbit/s modulation together with a 10dB extinction ratio has been observed as shown in figure 11 [2] .
Figure 11 -40Gbit/s optical eye diagram

